Objective. The purpose of this study was to evaluate a 3-dimensional (3D) sonographic method for the measurement of volumetric flow under conditions of known flow rates and Doppler angles. Methods. A GE/Kretz Voluson 730 system (GE Healthcare, Milwaukee, WI) and RAB2-5 probe were used to acquire 3D Doppler measurements in a custom flow phantom. Blood-mimicking fluid circulated by a computer-controlled pump provided a range of flow velocities (2-15 mL/s). A 6-axis positioning system maneuvered the ultrasound probe through a range of angles (40°-70°and 110°-140°) with respect to the tube (orthogonal to the tube being 90°). Volume data sets were obtained spanning 29°lateral and 20°elevational angles encompassing the flow tube in a scanning time of less than 10 seconds. Power Doppler data were used to correct for partial volume effects. Results. Using a single angle (110°) with respect to the flow tube, measured and actual volume flow rates were within the 95% confidence interval over the full range of flow rates. At flow rates of 5 and 10 mL/s, the measured volume flow rates were all within ±15% of actual values for the range of angles tested and also stayed within the 95% confidence interval. Conclusions. Direct comparisons of volume flow rates estimated with 3D sonography and known flow rates showed that the method has good accuracy. Subsequent comparisons under pulsatile and in vivo conditions will be needed to verify this performance for clinical applications. he standard method for estimating volume flow using sonography consists of multiplying the mean spatial velocity by the luminal crosssectional area. 1 However, it is well known that this technique has many problems. These include inherent variability of vessel geometry, assumptions about flow profile, 1-dimensional sampling, and others as well.
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Burns
2 specifically addressed difficulties of Doppler assessment of physiologic quantities due to the inherent variability of vessel geometry and flow profile. The mean spatial velocity also has limitations. First, it requires knowledge about the Doppler angle, and second, there are errors associated with the spatial resolution of the narrow-band/long-tone burst Doppler pulse used. In addition, the method assumes a circular cross section. Other schemes include the acquisition of the Doppler power, in which 2 Doppler acquisitions are obtained, 1 with a narrow beam width (completely within the interior of the vessel) and 1 large-diameter beam covering the entire lumen. 3 Assuming that the sampled vessel's interior volume is represented by the amount of signal power as signal power per unit of blood volume, one can estimate the vessel cross section without assuming any specific shape. In this way, the vessel cross section need not be known. However, this technique might encounter problems as deeper vessels are interrogated. 2 Also, red blood cell rouleaux will invalidate the assumption that the narrow beam signal will represent a typical blood volume. 4 Speckle tracking has been proposed to measure flow based on the coherent backscatter of red blood cells. 5 Positive aspects of this method include the short acoustic pulse, which leads to greater spatial resolution. However, this method still assumes a nearly symmetric flow distribution and a circular vascular cross section. Yet, diagnostic examinations of volume flow would be beneficial in the areas of cardiac, carotid, renal, and splanchnic circulations of the adult and fetal placental as well as aortic and cardiac circulations. 2 Physiologic quantities such as blood volume flow are desired and find themselves on the verge of clinical use. This will be possible through the ongoing development of 3-dimensional (3D) sonographic imaging. Recent introductions of true 2-dimensional transducer arrays as well as the currently widely available mechanically scanned arrays enable the acquisition of true, angle-independent blood volume flow. We and others have described the method of surface integration of velocity vectors (SIVV) to estimate volume flow. [6] [7] [8] [9] This method will be described here along with measurements showing the quality of volume flow estimation and angle independence.
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Materials and Methods
Experimental Setup
A GE/Kretz Voluson 730 sonography system for 3-dimensional static/4-dimensional real-time imaging (GE Healthcare, Milwaukee, WI) was used to acquire flow in a Doppler phantom. The sonographic scanner was equipped with standard control software, which allowed the user to store 3D duplex mode data as well as associated scanner settings. Scans were performed with a 2-to 5-MHz wideband convex volume array (RAB2-5), intended for abdominal and obstetric/gynecologic examinations. A 6-axis computer-controlled stepper motor positioning setup held the transducer array to allow tube alignment and angle control between the array and a flow tube. 11 Blood-mimicking fluid was purchased from Shelley Medical Imaging Technologies (London, Ontario, Canada) and is advertised as providing the complex properties of blood. It is compatible with sonographic, magnetic resonance, and radiographic imaging techniques.
A CompuFlow 1000 System (Shelley Medical Imaging Technologies) was used to circulate the blood-mimicking fluid. This system uses a positive-displacement pump driven by a microstepping motor, under the control of an embedded microprocessor, resulting in accurate, steady flow (here 2-15 mL/s) and highly reproducible pulsatile waveforms. However, only constant flow was used in this study. Thin-walled natural rubber tubing (9.5 mm, 0.375-inch diameter and 380 µm, 0.015-inch wall thickness; Kent Elastomer Products Inc, Kent, OH) was embedded in a tissue-mimicking phantom (custom phantom from CIRS, Norfolk, VA; α = 0.3 dB ⋅ MHz -1 ⋅ cm -1 ). The described setup allowed the user to tilt the transducer array with respect to the flow tube and achieve a range of Doppler angles. This range is in addition to what is inherently possible because of the natural curvature of the transducer face used. Figure 1 illustrates how the left and right edges of the region of interest (ROI) are on distinctively different angles to the tubing. Close to the right edge of the flow tube, the Doppler angle is nearly perpendicular to the flow so the color flow (CF) tapers off as the registered flow transitions into the wall filter. In addition, the measured velocities increase toward the left side of the CF ROI as the Doppler angle approaches 0°. Figure 1 , left, shows conventional duplex mode B-mode and overlaid CF imaging. Conventional CF ROI positioning in the duplex image ( Figure  1 , left) is followed by the out-of-plane/elevational volume of interest (VOI) alignment with the flow tube. Shown in Figure 1 , right, are the intersecting orthogonal image planes: axial-lateral, axial-elevational, and lateral-elevational (A-C, respectively). Typically a 30-to 200-mL scan volume resulted from the VOI selection. The 3D CF VOI in Figure 1 was set to 29°lateral and 20°elevational angles, which encompassed the entire flow tube, including additional nonflowing material in the 3D sweep, thus reducing the scan time (<10 seconds).
Data Acquisition and Analysis
After data were exported to an off-line computer, MATLAB (The MathWorks Inc, Natick, MA) was used to define a cross-sectional surface through the flow tube. Figure 2 shows axiallateral and axial-elevational views of the data set. For display purposes, the ROI was rotated to be symmetric to the vertical. The asterisk lines depict 2 cross sections of this surface, whereas Figure 3 shows the 3D surface itself (not to scale).
Surface integration of velocity vectors is based on Gauss' theorem, which relates the divergence of the quantity v in an enclosed volume V to the flux through the surface S covering V. In other words, a surface integral of v over the enclosing boundary S will yield the volume flow Q:
The easiest way to implement SIVV is to choose a surface that is locally perpendicular to each Doppler beam. For this case, the right side dot product in Equation 1 will be replaced by a regular multiplication of the Doppler velocity and the size of the surface element. In other words, this surface has a constant depth geometry with respect to the Doppler beams. However, SIVV is not limited to this choice. It can be shown that this surface can be tilted by a known angle when the resulting velocity values are compensated for this tilt. Note that this is not the classic Doppler angle correction and requires no a priori knowledge of the flow direction. The most general scanning geometry is the surface of a torus because the center of rotation for the axial-lateral and axial-elevational beams can differ (as shown in Figure 3 ). Volume flow is computed by integrating all Doppler acquisitions on the defined surface such that (2) Here, Q is the total flux through the surface S, which equals volume flow; v i is the local Doppler velocity; a i is the associated cross-sectional area on S for this voxel, and ⋅ is the dot product between the local velocity vector and the local surface normal. In our case, the detected velocity is parallel to the surface normal.
As pointed out already, the Doppler angle for a sector scan format varies with each beam. Figure  4 illustrates how a symmetric flow profile will be mapped onto the measured Doppler shift profile. For the depicted type of tube-to-transducer orientation, the left-/right-most Doppler beam has the smallest/largest Doppler angle, respectively. This causes the velocity maximum to shift toward the left. However, warping of velocity values does not affect the measured SIVV value. Inherent compensation of this warping is due to nonuniform distribution of surface elements over the tube cross section. In Figure 4 , one can see that the Doppler beam voxel distribution across the tube is denser toward the right-side Doppler beams. Hence, it can be understood that this effect might cause the SIVV value to remain constant.
Power Weighting
The local Doppler power in our measurements was largest inside the vessel and smallest outside because of the effect of partial volume averaging and the Doppler wall filter effect, which gives the pixels inside the vessel a higher power. All Doppler data were wall filter processed internally in the scanner by the smallest setting possible on the scanner. We chose this setting to minimize filtering for the selected Doppler frequency range. Unfortunately, more specific data on the filter in terms of frequency or velocity were not displayed by the Voluson 730 system used. Then Doppler power values from the surface for integration was used to compute a Doppler power histogram shown in Figure 5A . Two power values were computed for subsequent processing. The maximum of the histogram, indicated by p M , was computed first. Then a power threshold, p T , was selected as 90% of the Doppler power of p M .
Surface integration of velocity vectors was weighted on the basis of the Doppler power in the respective voxels. An automatic velocitymasking algorithm was generated, which uses the above Doppler power value p T to weight the velocity values of the integration surface. Therefore, a modified SIVV method was used to compute our results (Equation 3) as Here, p i is a scaling factor based on the local Doppler power. Power weighting factors p i were set to 1 for all Doppler powers larger then p T . Values between 0 and p T were scaled between 0 and 1 on the basis of their Doppler power value. The justification for the selection/scaling process is that voxels near the wall, which partially contain flow and soft tissue, will show lowerthan-maximum Doppler power. Fractional power is therefore weighted by fractional scaling factors. So far, the threshold p T had been set empirically. However, it was set constant for all measurements, and it will be shown that the p T contour fills the lumen. User-selected Doppler gain was adjusted as needed to compensate for signal reduction due to large angles between flow and Doppler beams.
Statistical Analysis
The data presented were statistically analyzed to determine their confidence interval. Measurements on varying volume flow were fitted to a linear function, Y = a ⋅ X + b, and measurements on varying Doppler angles were first normalized by the pump setting to yield a value close to unity (indicated by the normalized unit [mL/s per mL/s]) and then fitted to a linear function. For each regression parameter a and b, the fitted value and the SEM were determined.
Results
A toroidal surface with Doppler power, CF, and B-mode can be seen in Figure 5 , B-D. The Doppler power remains constant inside the vessel ( Figure 5B ), except for loss along the wall due to partial voluming and attenuation effects. The p T contour encloses only a fraction of the total power and CF region ( Figure 5 , B and C). All velocities inside this contour were weighted by 1, whereas all velocities outside this contour were weighted with values between 0 and 1, depend- 
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ing on their power value. Superpositioning of the p T contour and the B-mode data reveals both a slight misregistration of CF and B-mode in the elevational scan direction as well as the extent of partial volume effects ( Figure 5D ). Two contours are given: the red contour represents the original contour derived from the Doppler power; and the white contour is copied from the red contour and centered on the lumen to verify the choice of p T as 90% of p M . The Voluson system allows the user to set smoothing filter parameters, which reduce acquisition noise but also induce a spatial shift of the acquired Doppler voxels in the elevational direction because of the additional time of the acquisition. Filter parameters were held constant throughout the experiments for the presented data.
The B-mode in Figure 5 , B-D, shows concentric rings, which are the result of scan conversion from the cartesian format exported by the scanner back to the original scan geometry format (raw data).
Volume flow was varied between 2 and 15 mL/s (110°Doppler angle) and computed by the power-weighted SIVV method. Figure 6 shows the resulting volume flow for 2 transducer orientations. Agreement between measurement and real flow was within ≈20%, and all data were found to lie within the 95% confidence interval. The estimate for 15 mL/s is high, which we possibly associate with the occurrence of debris/gas bubbles in the blood-mimicking fluid at high flow speeds (>10 mL/s), which raised the Doppler power abnormally.
Doppler beam-to-flow angle variation was estimated for angles between 40°and 140°, if 90°cor-responds to a purely laterally oriented flow tube (Figure 7) . No data were collected for relative angles between 90°± 20°because they had low signal to noise due to the poor Doppler angle and the subsequent wall filter cutoff. In any case, one will always be able to steer 20°to obtain a suitable Doppler angle. All data were within ±15% of the true volume flow and also fell within the 95% confidence interval. Fit parameters for varying volume flow in Figure 6 were Y = (1.09 ± 0.06) ⋅ X -(0.36 ± 0.52), and those for varying angles in Figure 7 were Y = (5.9 × 10 -5 ± 4.7 × 10 -4
) ⋅ X -(1.02 ± 0.05). The SE is given for each slope and intersept as the ± component. have shown how this implementation of SIVV with automatic power weighting is an objective and therefore suitable technique to measure volume flow. In vitro experiments such as this one allow for comparisons with reference standards such as the pumping system used. The selection of parameters for the powerweighted normalization method will require further investigation. Specifically, the selection of power values for the histogram that come from a range immediately above to below the integration plane may improve the technique. 12 The number of voxels included will be a trade-off between reducing the effects of attenuation and having sufficient sampling for the histogram. Subsequent in vivo verification will need to be performed in a similar fashion to supply appropriate validation of the methods.
Discussion
The velocities shown are in the lower range of physiologic values. Flow velocities in large arteries such as the aorta are as high as 50 cm/s, with flow reaching up to 100 mL/s. However, renal and hepatic flows are slower: 30 cm/s (4 mL/s) and 64 cm/s (30 mL/s), respectively. [13] [14] [15] [16] Moreover, there is no inherent reason for this technique not to work at higher physiologic flows. Our bench-top setup had limitations because of the occurrence of gas bubbles at higher flows, with detrimental effects on the Doppler processing.
In conclusion, power-weighted SIVV is a very promising technique for the acquisition of volume flow in vivo. The progressively greater availability of volumetric scanning using mechanical or electronic steering will make this easy to implement on clinical sonographic scanners. Medical diagnosis partially based on this physiologic parameter should become easy to achieve.
